Stretch of atrial muscle causes the release of atrial natriuretic peptide, but no stretch-sensitive membrane sensors have been clearly identified so far. The existence of an ion channel that could mediate stretch-induced Ca2' influx and subsequent release of the peptide was examined in rat atrial cells. In this report, the discovery of a novel atrial ion channel whose opening probability is extremely sensitive to either positive or negative pressure (half-maximal activation pressure, =z1.5 mm Hg) is described. Activation of the current by pressure applied to the pipette was observed both at the whole-cell and single-channel levels. The channel was permeable to cations including Ca2+. The channels were clustered with six to nine channels in each cluster, and several channels tended to open simultaneously in response to a graded increase in pressure for the inwardly passing current. Hypotonic swelling also activated these channels. These results show that mechanosensitive nonselective cation channels exist in atrial cells and suggest that they could be involved in beat-to-beat regulation of the atrial contraction as well as the stretchinduced expression of proto-oncogenes and secretion of atrial natriuretic peptide via increased Ca2' entry. (Circulation Research 1993;72:225-231 rent.28,29 These studies clearly show that there are mechanosensitive ion channels in the heart cell membrane. In general, the half-maximal negative pressure applied to the pipette electrode that was required to induce opening of ion channels was 10-20 mm Hg. This study reports the discovery and characterization of an atrial nonselective cation channel that is activated by extremely low positive or negative pressures (half-maximal pressure, z1.5 mm Hg) applied to the interior of the pipette electrodes and that therefore would be likely to act as a membrane sensor to stretch signal.
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(Circulation Research 1993;72:225-231) KEY WORDS * atrial cells * pressure * ion channel * calcium flux * hypotonic swelling Stretch or pressure has been shown to change membrane ion permeability in many types of cells including animal' 16 and plant17 cells, and in microorganisms such as bacteria and yeast.18'9 These mechanosensitive channels have been suggested to be important for volume regulation, control of membrane potential, and cell differentiation and proliferation. In atria, distension of the muscle produced by an increased blood pressure or volume loading has been well documented to cause the release of atrial natriuretic peptide as a feedback mechanism to lower blood pressure. [20] [21] [22] [23] However, the membrane sensor that mediates the release of the peptide has not yet been identified.
Cardiac ion channels that open in response to a change in pressure have been observed in several studies. Generally, negative pressure was applied to the pipette electrode after formation of a cell-attached patch. Such or choline to determine cation selectivity. To determine anion selectivity, Cl-was replaced with glutamate. In all ion replacement studies, liquid junction potentials at the agar-bridge bath electrode were determined separately, and all voltages were corrected for offsets that were <4 mV. Pressure in the pipette was changed as follows: One end of a 1-m-high manometer filled with distilled water was connected to the pipette holder, and the other end was connected to a calibrated syringe. Changes in pipette pressure could be achieved rapidly and accurately to desired levels with an automated calibrated syringe. Pressure levels measured as millimeters of H2O were converted to millimeters of mercury. The negative pressure at the membrane patch is the pressure measured from the manometer minus the pressure due to a small amount of solution in the pipette tip (:0.1 mm Hg). This small amount of pressure was not included in our calculations. The possible presence of other small forces in the pipette such as that produced by capillary action was not considered. pressure in the pipette (0.7-3.6 mm Hg) elicited reversible whole-cell currents ( Figure 1A ). These pressureactivated currents in atrial cells were not artifacts, because the current changes elicited by similar positivepressure applications were negligible in every cell tested when all cations in the bath were replaced by choline (n=11, Figure 1B ). Because the whole-cell membrane current became unstable at positive pressure levels higher than -3 mm Hg, it was not possible to obtain a full pressure-current relation. Positive pressure pulses (1.4 mm Hg) of short duration (<0.3 seconds) applied repeatedly to the pipette (-2 minutes) were each associated with a rapid activation and a deactivation of the channel current without desensitization ( Figure  1C ). Also, little or no decrease in the channel open probability occurred during the sustained positive-pressure applications. These results show that mechanosensitive changes in ion conductance are clearly present and can be elicited by small changes in the pipette pressure in the rat atrial cell membrane.
Results

Activation of the
Activation of the Mechanosensitive Single-Channel Current
The presence of mechanosensitive ion channels was further investigated at the single-channel level. In cell- Figure 2D ) and 17.2+2.3 pS (n=3) in 140 mM Ba2. Thus, the mechanosensitive channel in the atrial cell membrane is a nonselective cation channel. The channel open probability was not altered by 100 ,M GdCI3 (Aldrich Chemical Co., Milwaukee, Wis.), which has been shown to block mechanosensitive channels in oocytes, skeletal muscle cells, and fungus ( Figure 2C) . 7, 16, 33 The relations between pressure and channel open probability (of outward currents such as that shown in Figure 2A ) in control cells and in cells whose cytoskeleton has been disrupted by treatment with cytochalasin B are shown in Figure 3 . Figure 3A shows activation of channels by negative (first two current activations) and positive-pressure ( 10-20 mm Hg pressure in patches obtained using similar pipette resistances.1-19 Disruption of the microfilaments with cytochalasin B resulted in approximately a twofold increase in sensitivity to pressure, suggesting that the cytoskeletal elements give structural support to the membrane and reduce membrane deformation. Such an increased sensitivity to pressure after treatment with cytochalasin B has been reported previously in chick skeletal muscle cells.8
Activation of Single-Channel Currents by Hyposmotic Swelling
The high sensitivity of the atrial channel to pressure changes in the pipette suggests that these channels may also be activated by the osmotic pressure generated by cell swelling. This was tested by placing the cells in an hypotonic medium (216 mosm) to cause cell swelling. The perfusion solution was switched from a control perfusion solution (296 mosm) containing (mM) KCl 100, sucrose 80, MgC12 2, and HEPES 10 (pH 7.2) to the same solution without sucrose (216 mosm). Cell swelling was clearly visible when cells were viewed under the microscope. Cells were placed in the hypotonic solution for =3 minutes until visible swelling occurred, and then cell-attached patches were formed with pipettes containing 140 mM K'. Cell-attached patches from these osmotically stressed cells showed spontaneous opening of channels (Figure 4) , whose activity could be further increased by applying negative pressure to the pipette. When the potassium in the pipette was replaced with choline, outward currents were clearly present, but no inward currents were observed in cell-attached patches (n = 12). The similar single-channel conductance (22.3+±3.5 pS in symmetrical 140 mM K+, n=3) measured in inside-out patches, poor discrimination among alkali cations, and exclusion of Cl-all indicated that the atrial channels activated by suction and swelling were Discussion We have identified a novel nonselective cation channel that is activated by applying low pressure (0-3 mm Hg) to the pipette both at the whole-cell and single-channel levels. The single-channel current activation is thus unlikely to be an artifact of single-channel recording. 35 Our results show that the mechanosensitive channel has kinetic properties and a mechanosensitivity that are clearly different from those of other previously identified cardiac ion channels that have been reported to be activated by changes in tension.424-27 The mechanosensitive channel is also different from the cardiac nonselective cation channel that is activated by an increase in intracellular Ca2+.36 In our studies, an increase of [Ca 2+]i up to 10 ,M failed to activate the mechanosensitive channel. The high sensitivity of the mechanosensitive channel to applied pressure and the permeability of the channel to Ca21 suggest that this atrial channel may be the membrane sensor that transduces the stretch signal into biochemical processes leading to such events as the release of atrial natriuretic hormone, proto-oncogene expression, and hypertrophy.20-23,37 These cellular events are well known to be elicited by distension of the atrial muscle produced by an increased blood pressure or by artificial stretching of the muscle.
The mechanosensitive channel discovered in this study has an interesting opening behavior. For the outward current, the open probability was closely related to the level of the applied pressure. However, for the inward current, a certain level of threshold pressure was required to open the channels. Furthermore, several channels (usually three to five) opened simultaneously when the pipette pressure reached the threshold level (=1 mm Hg). Because the channels appear to be clustered, it was initially thought that this may be due to the opening of ion channels that are in a cluster and that these channels are simultaneously affected by pressureinduced membrane deformation. However, this is not in keeping with the finding that the outward current is increased in a graded manner in response to pressure. Nevertheless, it is possible that the applied pressure affects the inner and outer leaflets of the membrane lipids differently at different membrane potentials. 
